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Abstract

Experiments designed to simulate boundary lubrication conditions during sheet
forming were performed and evaluated. The results are compared to a model for con-
tact area evolution caused by flattening of surface asperities. Microscopic observa-
tions and estimates of the area fraction in boundary contact agree reasonably well
with the model. Ths effect of microstructural features on the accuracy of continuum
models is also discussed.

Introduction

The develogement of physically based models for friction during metal forming is
important for a better understanding of friction and to enhance simulation capability.
Models have been proposed based on state variable methods that use the surface
roughness, lubricant pr?erties and flow strenﬁ'th of the workpiece as variahles'?*,
Verification of these models is necessary to evaluate their accuracy and range of appli-
cable conditions. Experiments to idenan, mechanisms and measure the relevant
parameters at the interface are usually difficult, and it is important to duplicate the
conditions that are present in the forming operation.

One important variable is the fraction of the apparent area that is actually in
boundary contact at a ﬁiven time during forming. The contact area can change consid-
erably during a metal forming operation and will typically vary at different locations
on the tool-workpiece interface. This change is due to the change in lubricant film
thickness during the operation and the flattening of surface asperities. This article
will describe work to model and verify these changes for conditions relevant to sheet
forming.

Description of the Model

It has been observed that the actual contact area during metal forming is often
much greater than that roi the surfaces of two non-deforming objects in contact™®’
Models have been progosed to eaplain this effect based on the asperity flattoning
mechanism illustrated in Figure 1. It is assumed that for small asperity angles 0 the
deformation ‘s similar to incﬁ::n,ation of a flat surface by a flat punch. 'lyho problem is
posed in terms of the dimensionless quantities K, A, If and ¢ defined us follows:

l-,':d”l| (l)
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H= i
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o= tan"(%l’-).

The variables are defined in Figure 1 except for &, the flow strength in shear of
the material and d;, the components of the deformation rate tensor in the bulk
material. The strain direction &arameter ¢ is defined for the case where the asperi-
ties are two-dimensional with the long axis of the asperities in the y direction. ex
direction is transverse to the asperity I%K (the horizontal direction in Figure 1). One

further restriction in the model is that the principal strain directions must be aligned
with the axes of the asperities.
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Figure 1. Asperity deformation model with trapezoidal asperities or flat indenters.

This problem was analyzed with a viscoplastic finite element program to doter-
mins the relationship between E, A, H and ¢°. Using the meehes for shown in Figure
2 the velocit{ boundary conditions were varied to give different values of E, A and ¢.
The normal load on the top surface is calculated to give /{. The results can be used to

determine an instantaneous flattening velocity for a prescribed bulk deformation rate
and pressure on an asperity.

The results imply that asperities will flatten at relatively low prossures when
the underlying bulk material is deforming plastically. A physically bused model for
friction at the intorface ehould include the contact area fraction A as a stuto variabie,

and the model described here should provide un evolution equation for A for some sit-
uations.

"The rosults of the model were used to predict the growth in contact area fraction
A for the regular aspoerity array in Figure 1 by integrating’



praT 3
The conditions for the plots in Figure 3 were chosen to be appropriate for sheet
forming. For the case of sheet metal forming the lubrication conditions generally
involve boundary contact, and large contact area fractions have been observed’®. The

model predicts that the contact area increases rapidly initially and continues to
increase significantly at relatively large strains.
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Figure 2. Mesh and velocity boundary conditions for ISAIAH
sirculations with A = 0.5.
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Figure 3. Contact area evelution with strain as predicted by the model.



In order to try to experimentally verify the contact area growth as predicted by
the model, an in-plane drawing fixture was built to produce small sheet specimens
with controlled strain and normal pressure histories. The specimen, die, and plate
that acts as the tool surface are illustrated in Figure 4. As the specimen is pulled
through the die the strain path is similar to that for the flange area in a circular deep
drawing operation.

L™

Figure 4. In-plane drawing sample with the die and tool surface plate.
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Iigure 6. In-plane drawing fixture.
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that fits in the die. A sketch of the mechanical components of the system is shown in
Figure 5. The posts have strain oages that allow accurate measurement of the normal
force applied by the punch by means of the hydraulic cylinder. The fixture is attached
to a hydraulic load frame and the specimen is pulled out of the die at a constant veloc-
ity. The tensile load on the specimen and the load on each of the four posts are
recorded digitally. A circle grid is electroplated on the side of the specimen that is not
in contact with the tool plate, and the strain components in the sheet are measured at
the end of the test.

The surface profile of the specimen is measured transverse to the roughness lay
before and after testing at various points along the length of the specimen. A mechan-
ical stylus profilometer is used to record the unfiltered profile signal at 0.5 micron
intervals with a 12 bit A/D converter and a personal computer. The total effective
strain and principal strain comnonents are measured from the circle grid. The surface
of the specimen is also examined with a scanning electron microscope (SEM) to quali-
tatively characterize the roughness changes.

Experimental Results

The preliminary results presented in this article are for a commercially produced
304L stainless steel sheet J.66mm thick. The sheet was chosen because it has a sur-
face profile that is generaily consistent with the two-dimensional asperity assumption
in the flattening model. Figure 6 is an SEM micrograph showing the condition of the
surface as received. The asperities are very long in one dimension, which is also illus-
trated in the longitudinal and transverse profiles in Figure 7.

Figure 6. Scanning electron micrograph of the 304L surface before testing.

A sample of this sheet with the roughness lay oriented transverse to the axis of
the sample was .ested with an average normal pressure of 46.7 MPu, resulting in the
strain distribution shown in Figure 8. The direction of sliding was transverse to the
long axis of the asperities. The sample was treated with a commercial lubrica.at to
form a boundary film, but there was no measureable liquid on the vample prior to
testing. An SEM micrograph of a selected area of this sample shows flattened arcas
that qualitatively match the behavior predicted by the model (Figure 9). The area in
Figure 9 is typical of most of the sampfe. and exceptione will ke discussed later.
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Figure 7 ileasured surface roughness profiles for the 304L stainless steel sheet.
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Figure 8. 3train magnitude and direction for the in-plane drawing test specimen.

Another way to look at the changes to the surface is to compare the frequency
distributions of the height before and after testing (Figure 10). Note that the negative
tail of the distribution 18 not substantially changed, incicating that much of the mate-
rial between contacting asperities moves ugward unifornily as the peaks are fluttened.
This agrees well with the assumptions of the model*.
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Figure 9. The 304L surface after testing.
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Figure 10. Height distributions before and after testing at one point on the specimen.
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ideal flat tool and there was no elastic springback, the initial height distribution
would be truncated with a sharp delta function at the height of the flat contacting
areas. It seems reasonable to take the height value for the peak in the distribution
measured after testiny and truncate the original distribution to get a value for the
contact area fraction. Results will be presented later bused on this type of estimate as
illustrated in Figure 10.

Some of the measured distributions show a narrow, well defined peak as in Fig-
ure 10, while others are more difficult to interpret. In many of the ambiguous cases
the SEM shows sff‘ni.ﬁcant roughening of the surface caused by inhomogeneous
deformation of individual grains at the surface of the sample (Figure 11). This micro-
structural effect illustrates the type of problems that arise from applying a continuum
model to length scales where microstructural effects are important.

SIE3IB-1

Figure 11. A regicn of the surface showing grain size roughening.

Another such effect is illustrated in Figure 12 where the homogeneity of the sur-
face is considered. It is useful to estimate the minimum sample of the surface that is
statistically similar to a large sample that represents the whole surface. This
minimum distance defines the spatial resolution of the state variable model. Profiles
transverse to the roughness lay were measured on five different specimens of the
304L stainless steel. The five profiles were combined after filtering and subtracting
the mean line and used as a large (N=95000) sample representative of the surface as a
whole. The five original samples were analyzed individually and broken into lengths
of 5 mm, 2 mm and 1 mm. The shorter samples were each analyzed individually. The
mean and standard deviations of the arithmetic average and root mean square rough-
ness values were plotted as a function of sample lengtﬁ.

The mean values of the roughness amplitudes for the various profiles do not
deviate significantly from that of the large sample, but the standars deviation
increases sharply as the sample length decreases to less than 5 mm. This indicates
that the surface profile is not homogeneous on a scale of less than 56 mm.



MR
P

3
2
) 04 X ]
£
o 03
3
v ® AA Roughness
0.2 ® RMS roughness
I +/- 1 standard
0.1 deviation
O L 4 J L
0 5 10 e 50

Profile Length (mm)

Figure 12. The mean and standard deviation of the roughness amplitude of 304L #4
as a function of profile sample length.

Comparison with the Model

The initial roughness profiles were used in conjunction with the relationship
derived between E, A, H and ¢ to predict the contact area fraction for the stainles-
steel test sample. Two methods were used to extract the asperity geometry from ti
roughness profiles. In both cases it is assumed that as the asperities on the surface
are flattened the material between the asperities moves upward uniformly over the
region that is considered a material point. This assumption defines the kinematics at
the surface and is equivalent to truncating the profile at the value of z corresponding
to the plane of the tool surface as shown in Figure 13.

The approach used here for calculating the evolution of A requires that the flat-
tenirg velocity v, or dz/ds be calculated for given values of A, P, d;; and ¢. The value of
A is related to a value of z that corresponds to a collection of asperities in contact with
the tool. Two methods were be used to convert the distribution of contacting asperi-
ties to the dimensionless ,ariablea in the flattening model. The simplest approach is
to find the average contact area A and the average contact spacing /, and evaluate E
and v, as if it were for an array of uniform asperities. The other approach chosen is to
impose 4 constant velocitly on each asperity individuallf', sum the resulting pressures,
?nd iterate to find the velocity that produces the actual applied pressure at the inter-

ace,
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Figure 13. The mean and standard deviation of the roughness amplitude of 304L #4
as a function of profile sample length.

Figure 14. Flattening of asperities by truncating the profile.

The contact areas predicted l%y the model and estimated from the measured
height distributions are shown in Figure 14 for the 304L sample with the final strain
distribution shown in Figure 8. Each data point is estimated from a 2.5 mm profile.
Note that these profiles are shorter than the minimum length necessary for the con-
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Figure 15. Comparison of measured contact areas with the model.
tinuum point assumption. The ement between the experimental estimates and

the model predictions "' reasonably good, with most of the data lying between the two
predicted curves.

Conclusions

The limited experimental evidence presented here generally supports the use of
the asperi% flattening model for calculating the contact area fraction during sheet
forming. The microstructural examination and statistical profile analyses are consis-
tent with large increases in the actual contact area, and there is quantitative agree-
n:(x)e‘;t between the estimated area fraction and the model calculations to within about
10%.

It must be noted however, that. this boundary contact model does not include any
lubricant effects. If a liquid lubricant is present it is necessary to couple this model
with a fluid flow calculation to determine the iraction of the normal pressure that is
supported by the lubricant. This model also does not address the mechanisms that
produce the friction traction at the areas in boundary contact.

A note of caution is also in order concerning the application of continuum models
for friction. The microstructures of the interface and the bulk material are often not
homogeneous over length scales of importance to a particular problem. It must be

;:alized that in these cases the model can only be accurate in some average sense at
st.
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